A crown-ether based extraction chromatography resin, Eichrom Pb, has been characterized for separations of the flerovium (Fl) pseudo-homolog Hg. Previous results on the batch uptake of Pb(II) and Sn(IV) are compared with newly investigated Hg(II) in HCl matrices. It was determined that all three elements can be strongly retained by the resin at different HCl concentrations. To assess the feasibility for performing an experiment on the chemical properties of Fl using this resin the extraction kinetics were studied. A separation method for the isolation of the homologs Pb(II) and Sn(IV) and pseudohomolog Hg(II) has been established using 2 mL pre-packed Pb resin columns under vacuum flow.
Introduction
Work presented here is a continuation of the work in Ref. [1] , ''Characterization of the homologs of flerovium with crown ether based extraction chromatography resins: studies in hydrochloric acid.'' As mentioned in [1] some predictions indicate that Fl, element 114, has a volatility and inertness greater than the other group 14 elements, which might lead to a potential chemical behavior more like Hg or a noble gas like behavior, which leads to Hg being a pseudo-homolog of Fl [2] [3] [4] [5] . It was therefore necessary to see if the Eichrom Pb resin showed any affinity for Hg, following its strong affinity for Pb and Sn demonstrated in Ref. [1] . If it does, then it implies that Eichrom Pb resin could form the basis of a chemical extraction system for the isolation and study of Fl in aqueous solution.
While no reports exist that show the Eichrom Pb resin extractant (4 0 ,4 00 (5 00 )-di-tert-butyldicyclohexano-18-crown-6 (DtBuC18C6)) having an affinity for Hg, there have been reports of similar 18-crown-6 extractants complexing with Hg [6] . Therefore, it was assumed that the Eichom Pb resin should be capable of extracting Hg, and potentially separating Pb, Hg, and Sn, the homologs and pseudo-homologs of Fl, using column chromatography methods.
As in [1] , batch experiments were performed to determine the extraction behavior [7] , and compare that to the extraction behavior previously reported [1] of Pb and Sn in their most stable oxidation states (? 2 and ? 4, respectively [8] [9] [10] ) from an HCl matrix. The extraction kinetics for Hg(II), and a column separation of Pb(II), Hg(II), and Sn(IV), were established and the results are compared to those presented in [1] . The primary focus of this work was to determine if it was possible to use the Pb resin as a method for characterizing both the homologs and pseudohomologs of Fl together from a simple HCl system. The results are used to comment on the potential design of a future Fl experiment.
Experimental

Reagents and materials
As with the previous publication [1] , the Pb resin (50-100 lm, 40% w:w, Eichrom Industries, Inc.) was used for batch, kinetic, and column studies [11] . Acids were prepared from trace-metal grade acids and de-ionized water (18 MX cm). Tracer solutions of 212 Pb, 113 Sn and 197m Hg were prepared with activity concentrations ranging from 2 to 10 cps per 20 lL. The 113 Sn and 197m Hg were produced and isolated carrier-free as described in Ref. [12] . The 232 U (legacy material, Lawrence Livermore National Laboratory (LLNL)) decay chain was used to obtain 212 Pb as a tracer for all studies by milking the 212 Pb from a generator [13] .
Activity measurements
Activity measurements were determined similarly to [1] using the same high purity germanium (HPGe) detector. In daughter, post-extraction counting for Sn was performed 24 h after conclusion of the experiment to allow the In to reach secular equilibrium, as described in Ref. [1] .
Batch uptake experiments
Batch extraction experiments were used to determine uptake parameters for Hg(II) on Pb resin in HCl solutions. The experiments were performed identically to the batch uptake experiments described in Ref. [1] : to a 1.5 mL centrifuge tube, 10-20 mg Pb resin were added along with 1 mL of HCl ranging in concentration from 0.001 M to concentrated; preconditioning of the resin was achieved by placing the vials on a rotary mixer for 1 h. The only difference is that the 20 lL spike contained only 197m Hg in 2.0 M HCl. Batch extraction experiments were performed in triplicate and reported errors are based on the standard deviation of the replicates. The Pb resin capacity factor (k 0 ) was determined from the measured distribution ratios as described in references [11, 15] .
Uptake kinetics
The uptake kinetics for Hg(II) were determined using the procedure from [1] . The HCl concentration at which strong uptake occurs in the batch experiment (0.4 M HCl for 197m Hg(II)) was chosen as the concentration for kinetics studies. The concentration for strongest uptake was not chosen for Hg(II) because the extremely high k 0 values of [ 5000 would have yielded poor counting statistics in the aqueous phase. Standards were prepared by placing 1 mL of 0.4 M HCl in a 1.5 mL centrifuge tube and adding a 100 lL spike of a stock 197m Hg solution (also in 0.4 M HCl). Standards were counted for 300 s with an HPGe detector, and made in triplicate. Samples were preconditioned by adding 1 mL of 0.4 M HCl to a 1.5 mL centrifuge tube along with 10-20 mg Pb resin and mixing for 1 h. A 100 lL spike of the stock 197m Hg solution was added to the samples, and each sample was mixed for the desired time interval before filtering to remove the resin from the solution. To maintain the original counting geometry, a 700 lL spike of each filtered solution was added to 400 lL de-ionized water. The samples were counted with the same HPGe detector as the standards for 300 s-2 h (depending on activity). All samples were done in triplicate.
Column experiments
Column extraction of mixed 212 Pb(II), 113 Sn(IV) and 197m Hg(II) was performed with pre-packed, 2 mL cartridges containing dry Pb resin in the same manner as described in [1] . Load solutions were prepared by taking aliquots of each tracer and evaporating them to dryness before reconstituting in 1 mL of the appropriate HCl solution. The initial sample activity was determined via HPGe counting. A vacuum box (Eichrom, Darien, IL, USA) was used for the extraction with a flow rate of 2 mL/ min. The resin was conditioned prior to loading with 20 mL of the desired HCl of the same concentration as the load solution. Extractions were performed with HCl concentrations based on results from the batch experiments. Two column experiments were performed. For the initial experiment, the radionuclides were loaded on the column in 3 M HCl, where all three were expected to be retained, and 113 Sn was first eluted with 0.4 M HCl, then 212 Pb was eluted with 8 M HCl and finally 197m Hg was eluted with concentrated HCl. Three rinse fractions at 3 M HCl were collected followed by 1 mL elution fractions (9 8 for 113 Sn, 9 9 for 212 Pb, and 9 16 for 197m Hg) of the desired HCl concentration. Column flow was stopped just as liquid was about to reach the top-frit so the column never ran dry and each elution fraction was maintained at 1 mL. Fractions were counted by HPGe-spectrometry. Due to extremely slow sorption and desorption kinetics for Hg(II), and the fact that Hg(II) was observed to bleed through the column and elute with poor peak resolution (discussed below), a second column experiment was performed. The load solution was changed to 0.4 M HCl (closer to peak extraction of Hg(II)) and Sn(IV) was allowed to pass through the column without interaction. The column was then capped for 1 h after the elution of Sn(IV) to allow Hg(II) to be fully retained. The column was capped again for 1 h after changing to concentrated HCl to assist with eluting Hg(II) in a tight elution peak. The remaining parameters for this column were kept the same as in the first experiment with 113 Sn(IV) eluted with 0.4 M HCl (9 7 fractions), 212 Pb(II) eluted with 8 M HCl (9 9 fractions) and 197m Hg eluted with concentrated HCl (9 12 fractions).
Results and discussion
Batch experiments
From previous results [1] the uptake of Sn(IV) and Pb(II) as a function of HCl concentration were measured for the Pb resin; Fig. 1 shows the effects of HCl concentration on the uptake of Hg(II) with the results for Sn(IV) and Pb(II) presented (dashed lines [1] ).
Despite forming similar complexes in HCl as Pb(II), Hg(II) exhibits much stronger extraction over the same concentration ranges. Experiments reported in the literature conducted with the simpler dicyclohexano-18-crown-6 (DC18C6) as well as dibenzo-18-crown-6 (DB18C6) and the un-substituted 18-crown-6 (18C6) indicated that the following extraction mechanism is dominant for mercury [6] :
where CE = 18C6, DC18C6 or DB18C6. This indicates that the planar HgCl 2 molecule is extracted between two crown ether molecules. While this previous study was conducted with Hg concentrations of 10 -5 M instead of the carrier-free mercury used in this study, it does indicate a more complex extraction for Hg(II) than the traditional cavity based extraction exhibited by Pb(II). Decreasing extractability of these crowns, which was reported as 18C6 [ DC18C6 [ DB18C6, was attributed to the cavity sizes, which are 2.6 to 3.2 Å for 18C6 and DC18C6 [16] but increase to 4 Å for DB18C6 [17] , and the decreasing basicity of the crowns over that same sequence. Mercury(II) has an ionic radius of 1.1 Å , which is much closer to the cavity diameter of 18C6 and DC18C6, and therefore receives more stabilization from those cavities than the larger DB18C6 cavity [6] . The observed slight decrease in extraction with DC18C6 compared to 18C6 was attributed to increased steric hindrance lessening the effect of cavity stabilization [6] . Therefore, Hg most likely extracts as HgCl 2 Á2DtBuC18C6, and the decrease in mercury extraction at higher HCl concentrations may be attributed to the formation of ionic HgCl 3 -and HgCl 4 2- [6] .
Kinetics experiments
The data obtained from the batch studies indicate that Hg(II), Pb(II), and Sn(IV) can be separated from each other using a pure HCl matrix with the Pb resin at an equilibration time of 3 h. Due to the short-lived isotopes of Fl and the goal of an on-line chemical separation, flow rates of mL min -1 will be required. Therefore, the kinetics of extraction must be suitable for such flow rates. The kinetics of Pb(II) and Sn(IV) were previously explored (see Ref. [1] ) and indicated suitable uptake for a second time scale separation. The kinetics of uptake for Hg(II) on the Pb resin at 0.4 M HCl (a point near the maximum extraction but not at maximum extraction), were investigated (Fig. 2) . Sorption of Hg(II) was the slowest with full equilibrium not reached until greater than 8 h and very little sorption observed until at least 1 h had passed. Potential reasons for the slow equilibration of Hg(II) can be attributed to the extraction mechanism discussed above. Due to more complex multiple ligand extraction and the fact that the crown ether cavity is still believed to stabilize the extracted mercury species [6] , the overall rate of this extraction is very slow on the resin based system. This is potentially made even slower due to the requirement of two crown ethers required to be in the correct orientation, which might be less favorable due to the rigid resin backbone. 
Column experiments
Column experiments were used to determine if a stepwise extraction of Pb(II), Sn(IV) and Hg(II) could be achieved by varying only the HCl concentration. Based on the batch study results, the load solution for an initial column study of 3 M HCl was chosen due to the fact that Pb(II), Sn(IV) and Hg(II) should all be retained by the Pb resin at this concentration. The goal was to elute Sn(IV) with 0.4 M HCl, then Pb(II) with 8 M HCl and finally Hg(II) with concentrated HCl, Fig. 3 .
The initial column elution presented in Fig. 3 shows some bleeding of Hg(II) throughout the Sn(IV) and Pb(II) fractions before it is eluted in concentrated HCl, presumably due to the slow kinetics. The reason for the double elution peaks during the concentrated HCl fractions is due to capping the column for 1 h between each elution peak once it was realized that the slow desorption kinetics would make a quick elution of Hg(II) impossible. Results indicated that 3 M HCl was too high a concentration for a load solution due to the slow sorption kinetics of Hg(II); therefore, a second column experiment was designed with a load solution of 0.4 M HCl (thus having Sn(IV) pass through the column), which would be closer to the maximum extraction point for Hg(II). An additional change for this second column was to cap the column for 1 h after elution of Sn(IV) to ensure Hg(II) was retained and to cap the column after the first concentrated HCl fraction was added to aid in desorption of Hg(II) in a tight band, Fig. 4 .
The change of load solution to 0.4 M HCl and the hour gaps between loading and eluting of Hg enabled a clean separation of Pb(II) from Sn(IV) and Hg(II). The Hg(II) elution peak was still slightly broad but did elute as expected. In both cases, Figs. 3 and 4, the Pb(II) and Sn(IV) behaved as they did in the initial Sn(IV) and Pb(II) separations from Ref. [1] . While it was observed that Pb(II) and Sn(IV) can be separated on the second time scale required for a Fl experiment, the addition of the pseudohomolog Hg(II) made the separation impossible to perform on these short time scales. It would be possible to determine whether Fl was more chemically similar to Pb or Sn like (or neither); however, a definitive Hg-like conclusion as to its behavior would be nearly impossible with the 
Conclusions
The extraction behavior of Hg(II) from HCl media was studied using Eichrom Pb resin, which contains the 4 0 ,4 00 (5 00 )-di-tert-butyldicyclohexano-18-crown-6 extractant, and was compared to that of previously reported data for Pb(II) and Sn(IV), Ref. [1] . The batch results show Hg(II) extracts at low HCl concentrations, from 0.04 to 2 M. Mercury is most likely extracted as HgCl 2 between two crown cavities.
Results showed that the reaction kinetics for Hg(II) were much slower than that of Pb(II) and Sn(IV), with strong uptake not observed until at least 1 h had passed and full equilibrium occurring at greater than 8 h, compared with minutes to 1 h for Pb(II) and Sn(IV), respectively. As a result, the three elements could not be separated from one another on the second time scale using the system based on Eichrom Pb resin.
Column studies aimed at separating the homologs Pb(II) and Sn(IV) as well as the pseudo-homolog Hg(II) on the second time scale from a pure HCl matrix were also performed. Results indicated that with large equilibration times between column loading and elution of Hg(II), clean elution fractions could be obtained. However, when the column was run with * 2 mL/min flow rates, Hg(II) bled through the column when the flow was not halted to allow for it to fully adsorb and desorb. As a result, while it would be possible to discern if Fl was Pb or Sn like, the use of Eichrom's Pb resin would yield inconclusive data as to whether Fl is Hg like.
It is possible with more work that at very low HCl concentrations Hg(II) may be retained by the column at large flow rates. In this case an experiment with a load solution of 0.001 M HCl would retain both Pb(II) and Hg(II) while Sn(IV) passes through. Under these conditions an observed Fl atom could be confirmed to be Sn(IV) like. Due to the extremely high Hg(II) extraction at this low of a concentration, changing to 8 M HCl to elute Pb(II), during which a Fl atom could be considered Pb(II) like, might be possible while retaining Hg(II) like atoms on the column. Experiments were performed loading the column at 0.4 M HCl and waiting 1 h before changing to 8 M HCl to elute Pb(II). Without this 1 h wait it was observed that approximately 20-30% of the Hg(II) bled off the column. While the extraction is stronger at 0.001 M as seen in Fig. 4 , it would be expected that due to the slow kinetics at least some Hg(II) would bleed off the column in the Pb(II) fraction. Therefore, while these conditions would enable Sn(IV) like character to be elucidated from Pb(II) and Hg(II) it would still be difficult to discern if there is any true Hg(II) like character in Fl.
